1. Introduction

Owing to its location in northwestern South America, Colombia exhibits complex geographical,
geomorphological and hydro-climatological features arising from 1ts tropical setting, but also
from (Poveda et al., 2005): (1) the strong topographic gradients of the three ranges of the Andes
crossing from southwest to northeast, (1) atmospheric circulation patterns over the surrounding
Pacific ocean and Caribbean Sea, (111) the hydro-climatic dynamics of the Amazon and Orinoco
River basins, (1v) the atmospheric circulation patterns over the neighboring tropical Pacific and
Atlantic oceans, and (v) strong land-atmosphere feedbacks. In terms of the spatial distribution of
precipitation, Snow (1976) refers to the Colombian Andes a “a dry island in a sea of rain’.
Along the Pacific coast, Colombia houses one of the rainiest places on Earth with mean annual
rainfall between 12,000 and 13, 000 mm per year. Such an extraordinary complexity provides an
interesting setting to study the spatiotemporal dynamics of rainfall across a wide range of
timescales, to which satellite information can further contribute. Here we perform a thorough
validation study of TRMM rainfall data at a wide range of timescales using in-situ information
from a large set of raingauges throughout Colombia. Using diverse metrics, validation is
performed at diurnal, seasonal, annual and interannual timescales.

2. Objective

To develop a detailed validation study of different NASA satellite rainfall products over
Colombia such as TRMM 3B42 and TRMM 3B43 from the Precipitation Measurement
Missions, using ground precipitation records from a large set of raingauges, at different temporal

resolutions (diurnal, monthly, seasonal, annual and interannual) and during different phases of
diverse macroclimatic events including ENSO, PDO, NAO and AMO.

3. Data
3.1. Rain gauges

We used rainfall data gathered by Instituto de Hidrologia, Meteorologia y Estudios Ambientales
(IDEAM) for diverse periods and temporal resolutions, as follows: 260 raingauges with hourly
records spanning from August 1988 to January 2014, and 2,683 raingauges stations with daily
and monthly records from November 1900 to November 2016. From this data set, we selected
223 raingauges to perform the validation at diurnal timescale from 1998 to 2013. For validation
at daily timescale, we selected 1,145 raingauges, those with maximum 10% of missing data
during the period 1998-2014. Towards the validation at seasonal, annual and interannual
timescales, we selected and reconstructed time series of precipitation from 1,662 raingauges,
those exhibiting a maximum of 30% of missing data during the validation period 1998-2015.

3.2. TRMM 3B42 v7 and TRMM 3B43 v7

We used the NASA satellite products TRMM 3B42 and TRMM 3B43, both with regular spatial
resolution of 0.25°. For diurnal validation, we used 3-hourly TRMM 3B42 from 1998 to 2013
and selected 142 pixels, those with at least one station of IDEAM; 1f the pixel contains two or
more raingauges inside, we averaged rainfall data. For daily validation, we used daily TRMM
3B42 from 1998 to 2014 and selected 519 pixels, in this case if the pixel has two or more
raingauges, one of those was selected randomly. For seasonal, annual and interannual validation,
we used monthly TRMM 3B43 from 1998 to 2015 and selected 632 pixels, if the pixel contained
two or more raingauges inside, we averaged their respective rainfall data.

4. Methodology

To validate TRMM at seasonal, annual and interannual scales, we first reconstruct monthly time
series using the random orthogonal model and convex optimization [Candes & Recht, 2009]. We
retain the inter-annual variability filtering out the annual cycle of precipitation from TRMM and
EAM datasets through a monthly standardization procedure. We used Singular Value
Decomposition (SVD) to identify the main variability modes from each dataset. SVD i1s useful to
identify spatial patterns of those variability modes, and their temporal dynamics are called
Singular Vectors. To perform the conditional analysis included in the study of interannual
variability, we combine the ENSO phases (EI Nino and La Nifia) with the positive and negative
phases of macro-climatic phenomena such as AMO, NAO and PDO. For diurnal and daily
validations, we use the original series without reconstructing missing data. We use diverse
metrics for validation purposes, including the Kolmogorov-Smirnov test of equality between
Probability Distributions Functions (PDF), and diverse standard metrics such as absolute and
relative errors and bias rates. A detailed description of these metrics 1s presented in Table 1.

Table 1. Error metrics used for validation

Statistic Equation Units Range | Perfect score
Mean absolute MAE=~ " | TRMM- IDEAM mm [0, o) 0
error N :
1
) — > (TRMM- IDEAM)
Relative error RE=N *100 % (-0, 00) 0
IDEAM
Kolmogorov- _ x| £ . _ : .
X D = max|Fryn (X)- Foear (9] [ Dimensionless 10,1] 0
Smirnov
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5.1. Diurnal validation of TRMM 3B42 v7
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Figure 6. Mean relative error IDEAM vs TRMM 3B43 for the ENSO extreme phases, El Nifio
and La Nifia, including all months of the year, from 1998 to 2015.
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Figure 7. Significant correlation maps between ONI (A-B/No lagging) and AMO (C-D/6 months-lag)
vs. Standardized anomalies of IDEAM raingauges (A-C) and TRMM 3B43 (B-D).
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5.4. Interannual validation of TRMM 3B43 v7

Excellent representation of first interannual variability mode
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Figure 2 Validation of TRMM 3B42 based on IDEAM data (A) and (B) BIAS rate of daily precipitatlon data w1th and without zeros, respectively. (C) and (D) Mean Absolute Error (mm) in daily data with and without zeros, respectively. (E)
Relative error of the annual cycle mass curves at daily resolution. The size of the circles is relative to the error metric.

TRMM 3B42 overestimates precipitation over
64% (BIAS>1) of the Colombian territory (Figure
2A).

Larger overestimation values appear over the
Eastern and Western ranges of the Andes, mainly
on the Bogota Plateau, the Pacific region, the
south of the Colombian massif and near the

Caribbean Sea over Serrania de Peryja (Figure
2A).

Without zeros, the underestimation reaches to
65% (BIAS<1) and occurs mainly along the
Caribbean plains, Amazon and Orinoco regions
and over the Magdalena River valley (Figure 2B).
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Similar overestimation patterns are observed on
the Eastern and Western Andes at daily time scale
without zeroes (Figure 2B).

The highest MAE values are observed over the Pacific region, followed by the Andean region and the Eastern Llanos
piedmont. In La Guajira, the northernmost tip of Colombia, the smaller MAE values are observed. However when analyzing
the time series without zeroes, the entire Caribbean region presents significant errors, and the Eastern and Western ranges of the

Andes exhibit the smallest MAE values in the whole cou

The relative error of the annual cycle mass curves at daily resolution reveals a general overestimation of TRMM 3B42 over
64% (RE>0%) of Colombia, mainly over the Eastern and Western ranges of the Andes, on the Bogota Plateau, the Pacific
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Figure 3. (A) and (B) Annual cycles and mass curves at daily resolution for a pixel and its raingauge located in Inirida, Guainia,
Southeastern Colombia, respectively. (C) Comparison of the mass curves through the annual cycle.
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Figure 4. (A) and (B) Annual cycles and mass curves at daily resolution for a pixel and its raingauge located in Santana, Boyacd, on

the Eastern range of the Andes, respectively. (C) Comparison of the mass curves through the annual cycle.

ntry (Figure 2C-D).

region, the south of the Colombian massif, and near the the Caribbean over Serrania de Perija (Figure 2E).
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Figure 8. Spectra of singular values for standardized anomalies of rainfall at rain-gauges of Figure 9. (A) Singular Vectors ul (time series) from the SVD of monthly rainfall in the period 1998-2015: IDEAM (black) LA NINA & NAO<0
IDEAM (black line) and TRMM 3B43 product (red line). Both sets of data at monthly scale and TRMM 3B43 (red). (B) Correlation map of the vector ul from SVD respect to Sea Surface Temperatures (HadISST) NP
in 632 cells of equal size located over Colombia. during period 1998-2015 for IDEAM, and (C) for TRMM 3B43. mon
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In general, TRMM 3B43 overestimates rainfall in Colombia but performs well at interannual time scale.

During both ENSO phases, TRMM 3B43 measures relatively well in-situ rainfall on the Central range of the
Andes, but overestimates 1t over the Western and Eastern rages (Figure 6). TRMM 3B43 better represents in-
situ rainfall on the low-lands such as the Caribbean, Orinoco and Amazon regions of Colombia.

s

the main variability mode of raingauges data (Figure 9A-C).

TRMM 3B43 describes well the spatial pattern of correlations between ONI and in-situ rainfall
anomalies (Figure 7A-B). TRMM 3B43 also describes quite well that AMO exhibits larger correlations =

with 1n-situ rainfall at 6 month-lags (Figure 7C-D).

ENSO dominates the interannual variability of rainfall in Colombia despite the fact that it 1s 1n phase with Y,
other macro-climatic phenomena (Figure 10). It 1s clear that the ENSO phase (El Nino or La Nina) determines

IRMM 3B43 spectrum contains most of the variance in the first singular values, while IDEAM spectrum
distributes 1t among the entire set of singular values (Figure 8). Otherwise, TRMM 3B43 optimally represents

N = 33 months 'y y N =29 months " N =24 months

10°N

5N

LA NINA & PDO<0

651 W

58

EL NINO & PDO<0 EL NINO & PDO>0

5S

N = 54 months

N = 6 months X . N = 10 months X p N =43 months

10N

5 N

the spatial pattern of relative error between TRMM and IDEAM over Colombia (Figure 6). ; ;

Among El Nino combinations with other macroclimatic indices (AMO-NAO-PDO), the cold phase of the

AMO intensifies the TRMM 3B43 overestimation of rainfall. Beware the small data sample.

Among La Nina combinations, the warm phase of the PDO intensifies the TRMM 3B43 overestimation of -100 -80 -60

rainfall. Figure 10. Relative error of the mean between TRMM 3B43 and IDEAM for the series resulting from a conditional analysis in which ENSO phases (EL NINO and LA NINA)

are combined with the positive and negative phases of AMO, NAO and PDO.
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3. Seasonal validation of TRMM 3843 v7

Kolmogorov-Smirnov h - TRMM 3B43 vs IDEAM - 1998-2015 Bias - TRMM 3B43 vs IDEAM - 1998-2015 At seasonal time scales the Kolmogorov-Smlmov test rejects the

1A SON 1A 203 null hypothesis in most cases, meaning that TRMM 3B43 and
Lo | - SN ' 28 | . EAM rainfall do not have the same continuous PDFs. In general,

the smallest number of rejections of the null hypothesis occurs at
DJF and MAM, and the rejection increases during JJA and SON
(Figure 5 Top-lett).

* In the Andean region the rejection of the null hypothesis 1s

throughout the whole year; however the number of pixels that reject

the null hypothesis decreases for DJF and MAM (Figure 5 Top-left).

* Over the Orinoco and Amazon regions, the null hypothesis is, in
general, not rejected. Moreover, in DJF and MAM the null
hypothesis 1s not rejected at the piedmont of the eastern plains
(Figure 5 Top-lett).

* In terms of the bias rate, TRMM 3B43 overestimates precipitation
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practically over the entire country, with highest values over the

T E— 05 06 07 08 09 1 11 12 13 14 1 Western and Eastern ranges of the Andes, and some exceptions over
Relative Error of the Mean - TRMM 3B43 vs IDEAM - 1998-2015  Relative Error q,_- TRMM 3B43 vs IDEAM - 1998-2015 the Pacific region, the piedmont of the eastern plains and the inter-
JIA SON JIA SON Andean valleys (Figure 5 Top-right).

* At seasonal time scales, TRMM 3B43 overestimates the mean
precipitation over the Eastern and Western ranges and the Caribbean
region (Figure 5 Bottom-left).

* QOver the Pacific region, the piedmont of the eastern plains and the
inter-Andean valleys, there 1s evidence of underestimation, not

only of the mean rainfall, but also of maximum precipitation values

(Figure 5 Bottom-left and Bottom-right).

* During JJA and DIJF (the drier seasons on the Andes), the largest
overestimation errors appear both in the mean rainfall and during

maximum intensity rainfall values (Figure 5 Bottom-left and
Bottom-right).

* Overall, there 1s evidence of a generalized underestimation of the 95
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Figure 5. Seasonal distribution of: (Top-left) Test decision for the null hypothesis that precipitation of TRMM 3B43 and IDEAM are from the WeStem ra’nges Of the Andes (Flgure 5 BOttom-rlght)'

same continuous distribution function, using the two-sample Kolmogorov-Smirnov test. (Top-right) Bias rate. (Bottom-left) Relative error of

the mean precipitation. (Bottom-right) Relative error of the 95 percentile of the distribution function. * The seasons i which we observe greater underestimations of
maximum rainfall are the wettest on the Andes: SON and MAM
(Figure 5 Bottom-right).

6. Conclusions

The diurnal cycle of precipitation at the Colombian Andes has its minimum al the tri-hour period centered at 09:00 hours (Poveda et al., 2005).
That explains why one of the peaks of overestimation of the TRMM3B42 measurements occurs during that period. On the other hand, most
underestimation case at daily timescale can be explained by a generalized underestimation at all tri-hour time periods (Figure 1 Bottom).

At daily scale, general overestimation of rainfall values appear over the Eastern and Western ranges of the Andes, mainly on the Bogota Plateau,
the Pacific region, the south of the Colombian massif and near the Caribbean over Serrania de Peryja, and underestimation occurs mainly on the
Caribbean, Amazon and Orinoco regions, and over Magdalena River valley (Figure 2A-E).

At seasonal scale, there 1s a persistent overestimation of the mean and maximum precipitation values, over the Eastern and Western ranges of the
Andes and the Caribbean region, and underestimation over the Pacific region, the piedmont of the eastern plains and the inter-Andean valleys.
The errors of overestimation are exacerbated during JJA and DIJF, the driest seasons on the Andes, while underestimation errors are exacerbated
during SON and MAM, the wettest seasons on the Andes (Figure 5 Bottom-left and Bottom-right).

At interannual scales, the estimated relative errors during El Nino and La Nina years indicate that TRMM 3B43 generally overestimates over less
rainy regions (Bogota Plateau, Eastern Andes, La Guajira and over the Magdalena River Valley, and the Patia River basin), and at the same time
TRMM 3B43 underestimates it over the rainiest regions (Pacific Coast, northern Antioquia, and Catatumbo River basin). The relative magnitude
and percentage of the error 1s larger during La Nina, and smaller during El Nino (Figure 6).

The spatial patterns of concurrent correlations ONI-TRMM 3B43 and ONI-IDEAM are highly coherent over the Andean ranges, the Magdalena-
Cauca River basins, and over the Caribbean low-lands (Figure 7A-B). In both datasets, correlations are significant and reverse (negative) on those
regions. These results agree well with the reverse relationship between SSTs 1n the Pacific Equatorial and rainfall over the Andes of Colombia
(Figure 9B-C). In both datasets (TRMM and IDEAM), the AMO spatial correlation patterns peaking at 6 month-lags are relevant over the
Colombian Andes and the Caribbean low-lands.

The relative error of the mean between TRMM 3B43 and IDEAM for the conditional analysis at interannual time scale, shows spatially, for all
combinations, that in the Caribbean region and 1n the Eastern and Western ranges of the Andes there 1s an overestimation of rainfall, while 1n the
Pacific region there 1s an underestimation of rainfall. Over the Amazon and Orinoco regions, TRMM 3B43 does an excellent job 1n capturing the
main interannual variability mode associated with ENSO (Figure 10).
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